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In Brief
Aging is the number one risk factor for many human pathologies, yet it is challenging to study as existing vertebrate models are relatively long lived. The development of an integrative genome-to-phenotype platform in a naturally short-lived vertebrate, the African turquoise killifish, opens the door to high-throughput in vivo modeling of vertebrate aging and complex human diseases.
Accession Numbers JNBZ00000000 SRP041421 SRP045718
INTRODUCTION
Aging is the number one risk factor for many human pathologies, including diabetes, cancer, cardiovascular, and neurodegenerative diseases (Niccoli and Partridge, 2012) . Thus, delaying aging could help postpone the onset of these devastating ailments and increase healthspan. Because aging affects multiple organs and systems in humans (Ló pez-Otín et al., 2013) , it is one of the most challenging processes to model in the lab. So far, the study of aging has been dominated by non-vertebrate short-lived model organisms, such as yeast (C. cerevisiae), worm (C. elegans), and fly (D. melanogaster), which has allowed the identification of remarkably conserved aging-related pathways, such as the TOR and Insulin/IGF pathways (Kenyon, 2010) . However, some important aspects of human aging and disease phenotypes cannot be faithfully recapitulated in invertebrate models, as they lack specific organs and systems (e.g., blood, bones, and an adaptive immune system) that are crucial components of human aging and age-related pathologies. Vertebrate model systems, namely the mouse (M. musculus) and zebrafish (D. rerio), have also been exploited to probe genes involved in aging and age-related diseases. However, experimental studies have been hampered by the relatively long lifespan of mice and zebrafish (maximal lifespan of 3-4 and 5 years, respectively [Tacutu et al., 2013] ) and high costs of maintenance, especially for mice. Mouse models with accelerated onset of age-associated disease (e.g., neurodegeneration) can partially address this issue (Trancikova et al., 2011) , but these models uncouple the disease phenotype from its main risk factor-aging-and they remain expensive to use. Thus, a new vertebrate model is needed to better understand the principles of vertebrate aging and to study age-related diseases in the context of aging.
The African turquoise killifish Nothobranchius furzeri is a naturally short-lived vertebrate that lives in ephemeral water ponds in Zimbabwe and Mozambique ( Figure 1A ), where water is only present during a brief rainy season. This fish species has likely evolved a compressed life cycle (as short as 30-40 days from egg to egg-laying adult) to adapt to its transient habitat. The turquoise killifish is currently the shortest-lived vertebrate that can be bred in captivity (Genade et al., 2005; Valenzano et al., 2006) , with a lifespan of 4-6 months in optimal laboratory conditions (6 to 10 times shorter than the lifespan of mice and zebrafish, respectively). Importantly, despite its short lifespan, this fish recapitulates typical age-dependent phenotypes and pathologies such as decline in fertility, sarcopenia, cognitive decline, and cancerous lesions (Di Cicco et al., 2011; Genade et al., 2005; Valenzano et al., 2006) . It also displays a conserved response to environmental stimuli known to affect the aging rate in other species, such as dietary restriction ). These characteristics make this fish an attractive model organism to study vertebrate aging, physiology, and age-dependent diseases throughout organismal lifespan (Di Cicco et al., 2011) . Furthermore, the turquoise killifish telomeres are similar in length to those of humans (6-8 kb) ), unlike laboratory mouse telomeres, which are very long (50-150 kb) (Lee et al., 1998) . Thus, findings from aging studies in the turquoise killifish should be relevant for vertebrate aging, including humans. The rapid timescale of aging in this species should not only facilitate the causative identification of factors regulating vertebrate lifespan but also allow longitudinal studies. (C) Genomic pipeline to generate CRISPR/Cas9 gRNAs in a new model organism using our newly created genomic tools (de-novo-assembled turquoise killifish genome, epigenome, and transcriptome). Gene models and gRNA selection are available via CHOPCHOP. (D) CRISPR/Cas9 genome-editing pipeline to generate stable mutant fish lines in the turquoise killifish. Overall, the total time for generating a stable mutant line in the lab (i.e., steps 1-4) is about 2-3 months.
The turquoise killifish has additional advantages as a model system. Contrary to many other fish, including zebrafish, the turquoise killifish has an XY-based sexual determination (Valenzano et al., 2009) . Furthermore, there exists a highly inbred strain of the turquoise killifish (the GRZ strain, used in this study), as well as a number of wild-derived strains (Terzibasi et al., 2008) . The availability of multiple strains provides an important advantage for genetic studies and for mapping traits that are different between strains (e.g., color, maximal lifespan) (Kirschner et al., 2012; Valenzano et al., 2009) . Collectively, these characteristics of the turquoise killifish-coupled with the ease of rapidly generating many offspring and low maintenance costs-make this fish a promising vertebrate model, uniquely fit to address aging and age-related diseases (Genade et al., 2005; Valenzano et al., 2006) .
For the African turquoise killifish to become a widely used vertebrate model compatible with high-throughput approaches, key tools need to be created. Although preliminary genetic tools have been developed in the turquoise killifish, including genetic linkage maps (Kirschner et al., 2012; Reichwald et al., 2009; Valenzano et al., 2009) , and Tol2-based transgenesis (Hartmann and Englert, 2012; Valenzano et al., 2011) , the lack of a sequenced genome and ability to manipulate endogenous genes has drastically limited the use of this organism. The RNA-guided CRISPR (clustered regularly interspaced short palindrome repeats) associated Cas9 nuclease (Jinek et al., 2012) has recently emerged as an effective approach for introducing targeted mutations in a variety of model organisms, such as yeast, worms, flies, zebrafish, and mice, as well as several non-model organisms (for a detailed list see Hsu et al. [2014] ). However, genome-editing approaches have never been reported in the African turquoise killifish, probably because of the lack of a sequenced genome.
Here, we create the first platform for the rapid exploration of aging and aging-related diseases in vertebrates by developing new genomic and genome-editing tools in a promising vertebrate model, the naturally short-lived African turquoise killifish. As a proof of principle for the versatility of this platform, we generate a suite of mutated alleles for 13 genes encompassing the hallmarks of aging and report six stable lines to date. We characterize a loss-of-function mutation in the gene encoding the protein component of telomerase and show that telomerase-deficient turquoise killifish recapitulate characteristics of human pathologies. This platform should allow high-throughput studies on aging and longevity in vertebrates, as well as longitudinal modeling of human diseases. Our platform should also enable systematic examination of unexplored candidates identified in human genomic studies.
RESULTS
A Platform for the Study of ''Hallmarks of Aging'' Genes in Vertebrates We sought to create a versatile platform to rapidly model human aging and diseases in the short-lived turquoise killifish ( Figure 1A) . A recent review has categorized nine ''hallmarks of aging '' (Ló -pez-Otín et al., 2013) , including telomere attrition, deregulated nutrient sensing, and stem cell exhaustion ( Figure 1B) . We selected 13 genes encompassing those hallmarks (e.g., the protein subunit of telomerase [TERT] , insulin-like growth factor 1 receptor [IGF1R] , and S6 kinase [RPS6KB1]) with the overall goal of generating mutant alleles for each of them ( Figure 1B) .
Because the turquoise killifish is an emerging model, the first step was to identify genes in this organism. To this end, we generated a wide range of genomic data sets and designed a tailored genomic pipeline. We built gene models, using our recently assembled turquoise killifish genome ( Figure 1C) . We verified the accuracy of gene models and analyzed mRNA expression pattern using our RNA sequencing (RNA-seq) data sets from four tissues ( Figure 1C ). We generated an H3K4me3 chromatin immunoprecipitation sequencing (ChIP-seq) data set to define transcriptional start sites (TSSs) and further support annotations, especially for non-coding RNAs (Rinn and Chang, 2012) (Figure 1C) . Additional support for protein-coding gene annotation was obtained using protein homology ( Figure 1C ). Finally, we designed guide RNA (gRNA) targets for CRISPR/Cas9 genome editing ( Figure 1C and Table S1 ). The genome of the turquoise killifish and the RNA-seq and H3K4me3 ChIP-seq datasets are provided as resources (accession numbers JNBZ00000000, SRP041421, and SRP045718, respectively). The full description and analysis of the genome will be reported elsewhere (D.R.V., B.A.B., P.P.S., and A.B., unpublished data). The gene models and gRNA design are made available via the CHOPCHOP platform (https://chopchop.rc.fas.harvard.edu/) (Montague et al., 2014) . Together, these data sets provide an integrative resource for the scientific community, not only to target specific genes in the turquoise killifish, but also for comparative genomics and evolutionary studies of aging and longevity.
We then designed a CRISPR/Cas9 genome-editing strategy in the turquoise killifish. Based on our tailored genomic pipeline, we generated two to five independent gRNA sequences for each gene (Table S1 ). We then microinjected a mixture of Cas9 mRNA and gRNAs (Hwang et al., 2013; Jao et al., 2013) into fertilized turquoise killifish eggs at the single-cell stage ( Figure 1D ). Cas9 is known to introduce double-strand breaks that are repaired by non-homologous end joining (NHEJ), resulting in genome editing (small deletions or insertions, also known as indels) (Hsu et al., 2014) . Successful editing was assessed in a subset of eggs by cloning and sequencing of the targeted region 72 hr after injection ( Figure 1D , step 1). The gRNAs that resulted in successful editing were then used to generate F0 chimeras that were crossed with wild-type fish to generate F1 embryos ( Figure 1D , step 2). Successful germline transmission was assessed on pooled F1 embryos, usually 45-60 days after initial injection ( Figure 1D, Step 3). F1 embryos from successful F0 chimeras (founders) were raised to adulthood, and fish with desired alleles were maintained as stable lines and further backcrossed to minimize potential off-target editing by Cas9 ( Figure 1D , step 4). We will first describe our results with TERT as a paradigm for modeling telomere attrition and then present the general toolbox of 13 mutant alleles in genes involved in the hallmarks of aging.
Modeling Telomere Attrition
Telomerase, which comprises the protein component TERT and the RNA component TERC, elongates telomeres after replication, thereby maintaining telomere length (Figure 2A ). Telomeres shorten during vertebrate aging, including in the turquoise killifish (Artandi and DePinho, 2010; Hartmann et al., 2009) , and are considered to be a good biomarker of biological age (Boonekamp et al., 2013) . In humans, mutations in TERT or other genes in the telomere-protecting complex result in a spectrum of diseases characterized by tissue homeostasis failure, such as dyskeratosis congenita (Armanios, 2009) . Dyskeratosis congenita patients exhibit multiple symptoms resembling aspects of premature aging, including bone marrow failure and pulmonary fibrosis (Armanios, 2009 ), reduced fertility (Bessler et al., 2010) , and several types of cancers ). Because of their long telomeres, TERT-deficient laboratory mice have to be bred for four to six generations for disease phenotypes to manifest (Lee et al., 1998) and are therefore not ideal to model human TERT deficiency or telomere attrition during aging.
We first asked whether telomerase components are conserved in the turquoise killifish ( Figure 2A ). The TERT gene model ( Figure 2A ) allowed us to predict a putative TERT protein sequence in the turquoise killifish. The predicted TERT protein was conserved, particularly in the RNA binding and the reverse (D), is indicated relative to the protospacer adjacent motif (PAM, in gray) and the guide RNA sequence (gRNA, in red). The deletions that gave rise to stable lines (D3 and D8) are indicated (in yellow with black outline).
(F) Top: location of the gRNA successfully targeting TERT exon 2 (red line), which is upstream of the exons encoding TERT catalytic domains. TERT D8 allele is predicted to generate a protein with a premature stop codon. Bottom: the TERT D8 allele is successfully transcribed to RNA, as measured by RT-PCR followed by cDNA sequencing. RT, reverse-transcriptase.
transcriptase (RT) catalytic domains ( Figure 2B ). The sequence divergence between TERT from the turquoise killifish and other species precisely matched the evolutionary tree ( Figure 2C ), confirming that the predicted TERT protein indeed corresponds to turquoise killifish TERT. Interestingly, our RNA-seq data revealed that TERT mRNA expression was enriched in the testis relative to other tissues in the turquoise killifish, similar to what is observed in humans (Bessler et al., 2010 ) ( Figure 2D ). TERC, the RNA component of telomerase, as well as other genes encoding proteins associated with telomerase (e.g., DYSKERIN) or involved in the protection of telomeres (e.g., TRF2 from the Shelterin complex), were also present and expressed in the turquoise killifish (Figures 2A and S1 ). Thus, telomerase components are well conserved between human and the turquoise killifish.
To edit the TERT gene in the turquoise killifish, we designed two gRNAs with a targeting region within the TERT exon 2-a long exon located upstream to both catalytic domains of TERT (the RNA binding and the RT domains) ( Figure 2F , top). One of the two gRNAs led to the generation of a range of deletions in the targeted region of the TERT gene (from 3 bp to 15 bp), with a frequency of 10% ( Figure 2E ). By raising the injected embryos to sexual maturity (40 days), we obtained four F0 chimeras. Crossing each of these four chimeras with wild-type fish allowed us to generate stable lines with two different types of deletion in TERT: 3 bp (D3) and 8 bp (D8) ( Figure 2E ). The D8 TERT allele was successfully transcribed, as assessed by PCR amplification and sequencing of cDNA from heterozygous fish ( Figure 2F , bottom). The D8 TERT allele is predicted to give rise to a premature stop codon in the TERT protein, N-terminal to the catalytic domains ( Figure 2F ). These results demonstrate the feasibility for rapid genome manipulation in the turquoise killifish, with a total time from injection to stable line of about 2 months.
A TERT-Deficient Line in the Turquoise Killifish Exhibit Loss of Telomerase Function and Are Outwardly Normal
We characterized the fish harboring the D8 TERT allele, which is predicted to result in a TERT protein without catalytic activity. To reduce the frequency of potential off-target mutations, we backcrossed TERT D8/+ fish for three generations. We then crossed these heterozygous fish with each other to generate TERT
D8/D8
homozygous individuals (generation 1 of homozygous individuals, G1) ( Figure 3A ). allele was a true loss of function using the Telomere Repeat Amplification Protocol (TRAP) ( Figure 3C ). In this assay, tissue extracts are incubated with a radiolabeled oligonucleotide template, followed by PCR amplification of elongated products and autoradiography ( Figure 3C ). This protocol allowed us to assess telomerase enzymatic activity in liver extracts from TERT +/+ (wild-type) and TERT D8/D8 homozygous siblings (Figure 3D ). Whereas liver extracts from wild-type fish showed robust telomerase activity, we failed to detect any telomerase activity in extracts from TERT D8/D8 fish ( Figure 3D ). Thus, the D8 allele of TERT, which is predicted to generate a truncated TERT protein, leads to a complete loss of telomerase activity and outwardly normal individuals.
TERT-Deficient Fish Have Age-Dependent Defects in the Germline Most human patients with haploinsufficiency for telomerase develop normally but exhibit a broad spectrum of tissue homeostasis failure (Armanios, 2009 ), especially in highly proliferative tissues such as blood, skin, intestine, and male germline (Bessler et al., 2010) . TERT is highly expressed in the germline (Bessler et al., 2010) and is considered to be particularly important for maintaining the ''immortality'' of the germline (Zucchero and Ahmed, 2006) . We first tested the fertility of young (2-monthold) G1 TERT D8/D8 males compared to control (heterozygous)
siblings by crossing them to young wild-type females ( Figure 3E ). Whereas control heterozygous male fish were able to fertilize the majority of eggs (81%), G1 TERT D8/D8 males only fertilized 9% of eggs, indicating a dramatic reduction in fertility ( Figure 3F , p < 0.01, Wilcoxon signed-rank test). Older G1 TERT D8/D8 males (4 month old) showed a further decline in fertility ( Figure 3F , p < 0.05, Wilcoxon signed-rank test, comparison between age groups). Consistently, the testes of older G1 TERT D8/D8 males were atrophied and had an almost complete loss of germ cells compared to age-matched wild-type controls ( Figure 3G , black arrowheads). Germ cells were present in younger G1 TERT D8/D8 males ( Figure 3G , inserts), suggesting an age-dependent defect of the germline. Similarly, G1 TERT D8/D8 females also had atrophied ovaries ( Figure S2B ) and laid fewer eggs than wild-type controls (average of 7 ± 4 and 74 ± 25 eggs respectively, Figure S2B) . Thus, G1 TERT D8/D8 fish show premature defects in their germline, resulting in infertility. G1 TERT D8/D8 fish also displayed defects in other highly proliferative tissues, including blood (overall decrease in tested blood cell types, Figure S2C ) and intestine (villi atrophy in some gut regions, Figure S2C ). Furthermore, as previously reported in mouse models for TERT (Artandi and DePinho, 2010; Hao et al., 2005) , TERT-deficient fish exhibited epithelial adenomatous changes (decreased polarity and increased nuclear/cytoplasmic ratio) ( Figure S2D ), which could represent a first step toward intestinal cancers such as those found in dyskeratosis congenita patients ). In contrast, G1 TERT
fish did not exhibit significant defects in low-proliferative tissues such as heart, muscle, liver, and kidney ( Figure S2E ). As the TERT D8/D8 turquoise killifish model exhibits phenotypes in the first generation (as opposed to several generations in laboratory mice [Lee et al., 1998 ]) and within 2 months (as opposed to 6-8 months in zebrafish [Anchelin et al., 2013; Henriques et al., 2013] ), it is currently the fastest system to study telomere attrition pathologies in vertebrates.
TERT-Deficient Fish Exhibit Signs of ''Genetic Anticipation'' To further explore the effect of TERT deficiency on the germline, we tested whether the offspring of TERT-deficient fish exhibit signs of ''genetic anticipation.'' Genetic anticipation is a phenomenon in which symptoms of a genetic disorder are increased in severity or become apparent at an earlier age in the next generation, mostly due to cumulative damage in the germline. Dyskeratosis congenita patients show genetic anticipation: offspring of affected individuals often exhibit earlier onset and more severe symptoms, as well as shorter telomeres ). To test whether TERT D8/D8 fish also showed signs of genetic anticipation, we crossed the G1 TERT D8/D8 homozygous fish to generate G2 TERT D8/D8 embryos ( Figure 4A ).
Whereas G1 TERT D8/D8 embryos were similar to wild-type embryos (see Figure 3B ), G2 TERT D8/D8 embryos showed gross developmental abnormalities ( Figure 4B , right) and all died prior to hatching ( Figure 4C) embryos than in wild-type embryos (1.5 kb versus 6 kb, respectively) ( Figure 4D , left) and G1 TERT D8/D8 embryos (Figures 4D , right, and S3). The dramatic telomere shortening in the G2 generation of TERT-deficient fish, coupled with the increase in severity of phenotype, is consistent with genetic anticipation and germline defects. Thus, we have successfully generated a vertebrate model for telomerase deficiency that rapidly recapitulates several characteristics of the corresponding human disease. Our results also provide a proof of principle for the use of genome editing in a naturally short-lived vertebrate as a powerful way to quickly test the function of a gene involved in human disease and aging.
Site-Specific Precise Editing: Generating a Disease-Causing Nucleotide Mutation in TERT and Inserting a Short Sequence in POLG A large proportion of human diseases are not caused by deletions but by single nucleotide mutations that result in amino acid changes (non-synonymous mutations) (Abecasis et al., 2012 ). Therefore, we tested the feasibility of editing a specific amino acid residue, taking advantage of homology-directed repair (HDR) instead of the less precise NHEJ ( Figure 5A ). To this end, we co-injected Cas9 mRNA, one gRNA, and a singlestrand DNA (ssDNA) template with a mutation at the desired site to modify the corresponding genomic residue via HDR (Figure 5A ) (Bedell et al., 2012) . In human TERT, almost all of the disease-associated mutations are non-synonymous (Podlevsky et al., 2008) , and many are conserved in the turquoise killifish ( Figure 5B ). We selected an evolutionary conserved lysine (K902 in human TERT) whose mutation to arginine (Parry et al., 2011) or asparagine gives rise to dyskeratosis congenita. This lysine residue corresponds to K836 in the turquoise killifish ( Figure 5B ). To specifically edit K836, we designed a single gRNA in the proximity of the region encoding this amino acid and an ssDNA template containing two point mutations: one that changes K836 to R and another that prevents Cas9 from further targeting the edited site (Hsu et al., 2014) (Figure 5C , top). Direct sequencing indeed revealed nucleotide changes leading to the K836R mutation in the turquoise killifish TERT ( Figure 5C , bottom). We next tested the feasibility of precisely knocking in a short exogenous sequence using HDR ( Figure 5A ), this time targeting another candidate gene, the mitochondrial DNA Polymerase g (POLG). We designed a gRNA targeting exon 2 of POLG and an ssDNA template containing short homology arms and an exogenous NdeI restriction sequence ( Figure 5D , top). We chose to target exon 2 of POLG, as it has a very high targeting efficiency (90%, Figure S4 ). Direct sequencing or digestion with NdeI revealed in-frame knockin of the NdeI restriction site into the genomic sequence of turquoise killifish POLG ( Figure 5D, bottom) . Thus, precise genome editing allowed us to generate a specific human disease-causing mutation in the turquoise killifish TERT gene and knockin an exogenous sequence in the POLG gene.
A Toolbox of Turquoise Killifish Mutants Encompassing the Hallmark of Aging
We next sought to use our platform to target various candidate genes within the hallmarks of aging pathways (Ló pez-Otín et al., 2013), including cellular senescence and stem cell exhaustion (p15INK4B), mitochondrial dysfunction (POLG), deregulated nutrient sensing (IGF1R, RAPTOR, RPS6KB1, and FOXO3), epigenetic alterations (ASH2L), genomic instability (SIRT6), loss of proteostasis (ATG5), and intercellular communication (IL8 and APOE) ( Figures 6A and S4 and Table S1 ). We targeted genes whose deficiency is expected to either promote longevity (IGF1R, RAPTOR, and RPS6KB1) or accelerate signs of aging (TERT and POLG) (Ló pez-Otín et al., 2013). Although some (B) G1 TERT D8/D8 embryos (left) and adults (right) are outwardly normal.
(C) Schematic for TRAP. Telomerase enzymatic activity in liver is evaluated by the ability of tissue extract to add telomeric repeats to radio-labeled artificial telomeres in vitro.
(D) Telomerase enzymatic activity as measured by the TRAP assay in TERT +/+ and G1 TERT D8/D8 fish liver samples. IC: TRAP internal control product. Representative of three independent experiments. (E) Experimental design to assess male fertility. TERT D8/+ (control) and G1 TERT D8/D8 (mutant) males, at two different age groups (2 and 4 months), were mated with young (2 months) wild-type (WT) females. Fertilized eggs (gray) were counted after 1 week.
(F) Ratio of fertilized eggs per week of egg lay in TERT D8/+ (control) and G1 TERT D8/D8 (mutant). Mean + SD of >70 eggs, generated from 4 to 5 crosses per age group. Wilcoxon signed-rank test, *p < 0.05 and **p < 0.01. For the comparison between age groups, standardized values to age-matched controls were used. (G) Histological sections of testis from TERT +/+ (control) and G1 TERT D8/D8 fish at 4 to 5 months (4 m, full-size image) and 2 months (2 m, insert). Sz, spermatozoa (mature sperm); St, spermatids. Scale bar, 50 mm. Representative of n R 6 individuals from each genotype (4 to 5 months) and n = 2 individuals from each genotype (2 months). Presence of germ cells in the testis of control fish (top, white arrowheads). Deficiency of germ cells in the testis of TERT-deficient fish (bottom, black arrowheads).
genes have already been shown to regulate lifespan in both invertebrates and vertebrates (IGF1R and RPS6KB1) (Kenyon, 2010) , others have not yet been tested in vertebrates (ASH2L and FOXO3) ( Figure 6B ). Importantly, some genes do not have obvious orthologs in yeast or invertebrates (p15INK4B, IL8, and APOE) ( Figure 6B ). Finally, several genes have been implicated in human diseases, including APOE (Alzheimer's disease [Rhinn et al., 2013] ), TERT (dyskeratosis congenita [Armanios, 2009] ), and p15INK4B (cancer [Okamoto et al., 1995] ).
For each of these 13 genes, we assembled gene models and predicted protein sequences, analyzed mRNA expression patterns in four tissues, and profiled the H3K4me3 epigenetic landscape to determine TSSs ( Figures 6C and S4) . We designed two to five gRNA sequences for each gene (Table  S1) , which was sufficient to identify at least one successful gRNA ( Figures 6B, 6C , and S4 and Table S1 ). The efficiency of targeting ranged from 0% to 90% depending on the gRNA (Figures 6 and S4 and Table S1 ). So far, we have Figure S3 . White asterisk: non-specific probe binding. generated chimeras (F0, adult) for 11 genes ( Figure 6B ). We have examined germline transmission for five of them (IGF1RA, IGF1RB, ATG5, ASH2L, and RPS6KB1) and report the targeted alleles ( Figures 6C and S4 ). We also have stable lines for a subset of these alleles ( Figures 6B and S4 and Table S1 ). gRNA, PAM, Disease variant, Indels/substitutions
D Precise insertion of short sequences in the killifish POLG
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RT domain Figure 5 . Precise Generation of Human Disease Mutation in TERT and Insertion of a Short Sequence in POLG (A) Genome-editing pipeline for specific point mutations and insertions. ssDNA: ssDNA template. NHEJ: non-homologous end joining. HDR: homology-directed repair. (B) Top: disease-associated variants in hTERT. Conservation of the disease-causing residues between human TERT and turquoise killifish TERT is color coded (red, identical; pink, similar in turquoise killifish TERT). Bottom: K902 in human TERT is evolutionary conserved and corresponds to K836 in turquoise killifish TERT. (C) Top: location of a selected gRNA (red line) in close proximity to K836 in exon 11 of the turquoise killifish TERT and core sequence of the co-injected ssDNA template. Bottom: precise editing of specific codons leading to the nucleotide change (A to G) corresponding to the K836R mutation. An example chromatogram is shown at the bottom. The K836R mutation is highlighted with green background. fs, frame shift; del, deletion. (D) Location of the gRNA targeting exon 2 of the turquoise killifish POLG, and core sequence of the co-injected ssDNA template to introduce an exogenous NdeI site. Bottom: precise insertion of the NdeI restriction sequence, as shown by direct sequencing or restriction digestion. Representative of two independent experiments. 
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(5/10 -50%) The platform and toolbox we have developed-genome, genomic data sets, gene models, and efficient gRNAs-as well as the mutant fish lines, will be made available to the community. To facilitate future design of gRNAs in the turquoise killifish, we have uploaded the sequenced genome and gene models into CHOPCHOP (Montague et al., 2014) , thereby providing easy access for the community. Together, our results highlight the ease and versatility of our platform for generating mutants in the turquoise killifish, which will greatly facilitate high-throughput aging studies and disease modeling in vertebrates.
DISCUSSION
The Turquoise Killifish: A New Vertebrate Model for Systematic Studies on Aging and Longevity Here, we developed a platform in a naturally short-lived vertebrate, the turquoise killifish, for the systematic exploration of aging and age-related diseases. The field of aging will greatly benefit from the study of species beyond conventional model systems (Bolker, 2012) . Many exceptionally long-lived vertebrates, such as the naked mole rat (30 years), the Brandt's bat (30 years), capuchin monkey (50 years), rock fish (150 years), and the bow-headed whale (200 years) (Tacutu et al., 2013) have already allowed comparative genomics, proteomics, and cellular studies (Austad, 2010; Gorbunova et al., 2014) . However, long-lived species are not well suited for genetic manipulation, longitudinal, or lifespan studies. The turquoise killifish, with its naturally short lifespan, well-characterized aging traits, low costs, and ease of maintenance in the laboratory, is highly suited for rapid experimental aging research in vertebrates. Furthermore, the turquoise killifish is currently the shortest living vertebrate with a sequenced genome, which will be valuable for comparative studies.
Fish provide several advantages as laboratory species. They are amenable to high-throughput approaches such as genetic and drug screens (Schartl, 2014) . Fish also display a range of unique traits. For example, zebrafish, the primary fish model, is widely used for developmental processes due to its unique characteristics (e.g., fast and stereotypic embryonic development). Other fish have been used for specific traits, including social behaviors (cichlids [Fernald, 2012] ) and adaptive evolution (sticklebacks [Jones et al., 2012] ). Our genome and genome-editing platform in the turquoise killifish should help transition this fish to a more widely studied model, providing a unique opportunity for high-throughput aging and longitudinal studies. It will be important to characterize aging in the mutants we have already generated, as well as generating additional ones. Finally, the genome-to-phenotype platform we present here could serve as a paradigm for how to rapidly develop a wide range of species into model organisms.
A Proof-of-Concept Model for Telomerase-Related Pathologies in the Turquoise Killifish By targeting the TERT gene in the turquoise killifish, we have developed the fastest system so far for studying telomerase pathologies in vertebrates. Similar to what is observed in dyskeratosis congenita patients, TERT-deficient fish exhibit defects in highly proliferative tissues (male germline, intestine, and blood) in the first generation and as early as 2 months of age. This killifish TERT model should help untangle the interaction between aging and telomerase pathologies, which is largely unknown despite the fact that telomere attrition rate is a good predictor of accelerated aging in humans (Boonekamp et al., 2013) . Although TERT-deficient killifish exhibit specific age-dependent defects, we have not observed premature death by 4-5 months of age. This might indicate that the defects in regeneration of specific tissues are not limiting for lifespan under these conditions, although they may be detrimental under more stressful conditions (e.g., injuries or end of life). It will be important to characterize lifespan, regeneration, and telomere length in this TERT model during aging. It will also be interesting to compare the phenotypes of this TERT deletion model with models mimicking in killifish the TERT mutations found in human patients.
The killifish model fills a unique niche in the wide range of existing models of telomerase deficiency. Cellular models have been extremely helpful to understand telomerase biology and pathologies (Batista and Artandi, 2013) , but they cannot easily recapitulate systemic defects or tissue interactions. Invertebrate models, which have provided crucial insights into telomerase function (Raices et al., 2005) , lack some of the organs affected by telomere pathologies in humans (e.g., bona fide blood) (Gomes et al., 2010) . The main vertebrate model system, the laboratory mouse, has been the most widely used to understand the role of telomerase in specific pathologies, particularly cancer (Artandi and DePinho, 2010) . However, in laboratory mouse strains, phenotypes are only manifested after several generations because of their extremely long telomeres. This issue can be solved by using the castaneus strain, which has shorter telomeres (Hao et al., 2005) , but changing genetic background is time consuming. Recent studies in zebrafish have been promising, with TERT-deficient zebrafish demonstrating a range of phenotypes, including gastrointestinal atrophy, premature infertility, and death (Anchelin et al., 2013; Henriques et al., 2013) , although it took those fish at least 6-8 months to exhibit most phenotypes. While the turquoise killifish TERT model is still limited by the number of available tools, it should be well suited for rapid exploration of telomere pathologies and screening for potential treatments that can delay these pathologies.
A Toolkit for Modeling Complex Human Diseases, Traits, and Drug Responses The advent of personalized medicine and high-throughput human genetic studies is providing an overwhelming influx of new variants associated with specific human diseases, traits, and responses to drugs (pharmacogenetics). However, functional validation for most of these genes and variants is lagging behind. One way to study these candidates has been to generate induced pluripotent stem cells (iPSCs) harboring mutations derived from patients or engineered de novo (Hockemeyer et al., 2011) . Although this approach allows high-throughput studies, it does not recapitulate the complex interactions between tissues, such as endocrine and paracrine communication, as well as complex responses to environment or drugs. The turquoise killifish model could greatly facilitate in vivo high-throughput studies of new candidate genes or alleles, while modeling the integrative and non-cell-autonomous interactions that are characteristic of aging and pathological conditions. Recent genomic studies have revealed that many human diseases are caused by deleterious non-synonymous variants (Abecasis et al., 2012) , and this is also likely the case for aging and longevity. For example, most disease-causing mutations in human TERT are due to variants leading to a single amino acid residue change (Podlevsky et al., 2008) . Here, we show the feasibility of editing specific sequences in turquoise killifish genes. Such directed knockin approach will also be particularly helpful for the systematic exploration of variants in human longevity candidate genes, such as IGF1R, which is among 200 predicted candidates identified by genetic association studies of longevity (Tacutu et al., 2013) . This approach could also facilitate introduction of epitope tags, loxP sites, or artificial stop codons at endogenous genomic loci.
Overall, our study provides a rapid pipeline for genotype-tophenotype analyses in a new vertebrate model with a compressed timescale of aging. It also renders available as a resource the de novo sequenced genome of the turquoise killifish and mutant lines of this fish. This comprehensive platform opens the possibility of screening for genetic and drug interactions in an integrative system. In addition, it offers a promising venue for high-throughput modeling of aging and complex human diseases in vivo.
EXPERIMENTAL PROCEDURES
Additional details are provided in the Extended Experimental Procedures.
Gene Model Prediction, Conservation, and Phylogeny Gene models were obtained from two independent sources: (1) a de novo whole-genome shotgun assembly (GenBank JNBZ00000000) and (2) a de novo transcriptome assembly from four adult fish tissues (brain, liver, testis, and tail) using Oases (Schulz et al., 2012 ) (Sequence Read Archive [SRA] SRP041421). For the de novo transcriptome assembly, putative annotations were obtained by unidirectional blastx to the Swissprot database. The detailed genome assembly and annotation will be reported elsewhere (D.R.V., B.A.B., P.P.S., and A.B., unpublished data).
Strand-Specific RNA-Seq Expression Analysis RNA extraction was performed using the Nucleospin kit (Machery-Nagel), followed by rRNA removal (Ribozero Magnetic Gold Kit, Epicenter). Doublestrand cDNA was ligated with barcoded adapters and amplified using Illumina PCR primers (P1.0 and 2.0, Illumina) prior to sequencing. Expression data were analyzed by mapping RNA-seq reads onto gene models using Tophat2 v2.0.4 and Cufflinks v2.0.2.
H3K4me3 ChIP-Seq H3K4me3 ChIP-seq experiments were performed according to Benayoun et al. (2014) on whole-brain tissue isolated from adult male fish (SRA SRP045718).
CRISPR/Cas9 Target Prediction for Guide RNA Selection
For each selected gene, we identified conserved regions in the coding sequence using multiple vertebrate orthologs using http://genome.ucsc.edu/. Conserved regions that were upstream of functional or active protein domains were selected for targeting. gRNA target sites were identified using ZiFiT (http://zifit.partners.org/) (Hwang et al., 2013) or CHOPCHOP (https:// chopchop.rc.fas.harvard.edu/) (Montague et al., 2014) .
Guide RNA Synthesis
Initial experiments were performed using the DR274 guide RNA expression vector (Addgene, 42250) (Hwang et al., 2013) . In subsequent experiments, hybridized oligonucleotides were used as an in vitro transcription template. gRNAs were in vitro transcribed and purified using the MAXIscript T7 kit (Life Technologies).
Production of Cas9 mRNA
Initial experiments were performed using the MLM3613 Cas9 expression vector (Addgene, 42251) (Hwang et al., 2013) . In subsequent experiments, the pCS2-nCas9n expression vector was used (Addgene, 47929) (Jao et al., 2013) . Capped and polyadenylated Cas9 mRNA was in vitro transcribed and purified using either the mMESSAGE mMACHINE T7 ULTRA or SP6 kits (Life Technologies).
Single-Stranded DNA Template for Homology-Directed Repair For homology-directed repair (HDR) experiments, ssDNA templates were designed to contain short homology arms (30 bp-50 bp) surrounding the gRNA target. The ssDNA templates were commercially synthesized and purified prior to injection (QIAquick Nucleotide Removal Kit, QIAGEN) (Bedell et al., 2012) .
Microinjection of Turquoise Killifish Embryos and Sequencing of Targeted Sites
Microinjection of turquoise killifish embryos was performed according to Valenzano et al. (2011) . Cas9-encoding mRNA (200-300 ng/ml) and gRNA (30 ng/ml) were mixed with phenol-red (2%) and co-injected into one-cell-stage fish embryos. For HDR experiments, the ssDNA template (20 mM) was also coinjected. Three days after injection, genomic DNA was extracted from five to ten pooled embryos. The genomic area encompassing the targeted site (600 bp) was PCR amplified. Endonuclease digestions or DNA sequencing was used for analysis (Table S1) .
Fish husbandry, telomerase activity and telomere length measurements, fertility, histology, and blood count analyses are provided in the Extended Experimental Procedures.
ACCESSION NUMBERS
Sequencing and genome data have been deposited to the GenBank (JNBZ00000000). RNA-seq (SRP041421) and H3K4me3 ChIP-seq (SRP045718) data were submitted to SRA (Sequence Read Archive). 
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